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Executive Summary

The Air Force has requirements for accurate knowledge and specification of the
state variables of the Earth's thermosphere. Work done under this contract will lead to a
new model of global thermospheric density that can be used to spccify and forecast neutral
densies, temperatures, and winds for a wide range of solar and geomagnetic activity. The
model will be based on simulations made with the National Center for Atmospheric
Research (NCAR) Thermosphere/lonosphere General Circulation Model (TIGCM) and on
data. It will be capable of using real-time geophysical indices or data from: ground-baged
and satellite inputs and will provide neutral variables at specified locations and times in the
altitude range 90 - 1500 km. This hybrid theoretical and semi-empirical model will be based
on a new Vector Spherical Harmonic (VSH) analysis technique developed at the University
of Michigan that permits the incorporation of the TIGCM outputs and data into the model.
The VSH model will be provided for use by the Air Force in an operational setting and will

be a more accurate version of existing models of the neutral upper atmosphere.

This technical report describes the progress of the University of Michigan and
National Center for Atmospheric Research teams in the development of the hybrid model.
Scientific progress and plans are reported for each quarterly reporting interval throughout

the first year of the project.
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1.1 Summary of Objectives of Con

The Air Force has requirements for accurate knowledge and specification of the
state variables of the Earth's thermosphere. Work done under this contract will iead to a
new model of global thermospheric density that can be used to specify and forecast neutral
densities, temperatures, and winds for a wide range of solar and geomagnetic activity. The
model will be based on simulations made with the National Center for Atmospheric
Research (NCAR) Thermospheric/Ionospheric General Circulation Model (TIGCM) and on
data. The modei will be capable of using real-time geophysical indices or data from ground-
based and satellite inputs and will provide neutral variables at specified locatons and times
in the altitude range 90 - 1500 km. The model will be semi-empirical and will be based on a
new vector spherical harmonic (VSH) analysis technique developed at the University of
Michigan that permits the incorporation of the TIGCM outputs into the model. The model
will be provided for use by the Air Force in an operational setting as a more accurate
version of existing models of the neutral upper atmosphere.

1,2 Plans for the next reporting period.;

Plans for the next quarter of effort relate to the work statement given in the original
proposal. The timeline for model development is given in Appendix 1.1. Work to verify the
TIGCM in the altitude region above 250 km is underway. Two major case studies are
planned, one involving 10 days of data from the Dynamics Explorer satellite in 1982 and
one involving a previous isolated geomagnetic storm study. The Dynamics Explorer data
has been provided to Dr. Roble and a series of TIGCM runs are planned that will be
extensively analyzed as part of the verification effort. Dr. Roble has prepared a computer
animation of the isolated storm study that will be shown at the CEDAR meeting in June
1989. Considerable effort at the University of Michigan will be made to speed up the
current VSH algorithm. It is anticipated that an increase in speed of about a factor of 6-10
can be realized. Further work will be carried out to define the VSH librarv approach. Work
will be also carried out to define the TIGCM input stategy for this program, as well as to
incorporate data from Dynamics Explorer into the VSH model for a few cases using an
objective analysis scheme.
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Executive Summary,

The Air Force has requirements for accurate knowledge and specification of the
state variables of the Earth's thermosphere. Work done under this contract will lead to a
new model of global thermospheric density that can be used to specify and forecast neutral
densities, temperatures, and winds for a wide range of solar and geomagnetic activity. The
model will be based on simulations made with the National Center for Atmospheric
Research (NCAR) Thermospheric/lonospheric General Circulation Model (TIGCM) and on
data. The model will be capable of using real-time geophysical indices or data from ground-
based and satellite inputs and will provide neutral variables at specified locations and times
in the altitude range 90 - 1500 km. The model will be semi-empirical and will be based on a
new vector spherical harmonic (VSH) analysis technique developed at the University of
Michigan that permits the incorporation of the TIGCM outputs into the model. The model
will be provided for use by the Air Force in an operational setting as a more accurate

version of existing models of the neutral upper atmosphere.

During the past reporting period, the effort at the University of Michgian has
focussed on the development and improvement of the basic algorithm, based on the vector
spherical harmonic expansion of TIGCM calculations. The speed of the routine has been
increased by a factor of 6 by developing more efficient loops, etc. In addition,
documantation has been produced to facilitate esting of the routine by AFGL. A
preliminary version of the VSH model was sent to AFGL for evaluation, complete with 12
sets of coefficients, documentation and source code. In addition, a perliminary version of
the planned objective analysis scheme for the ingestion of experimental data was
developed, using thermospheric wind measurements from Dynamics Explorer as a first test
case. This work led successfully to the development of a semi-empirical model of polar

thermosphere dynamics.

Work at the National Center for Atmospheric Research has continued to focus on
improvements to the TIGCM and on validation studies involving data/theory comparisons.
A specific comparison between TIGCM calculations and SETA data has produced
encouraging results indicating that the TIGCM can predict density perturbations with

reasonable accuracies (see below for details).
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Scientists from the Unviersity of Michigan and from NCAR attended the second
quarterly review meeting in Boulder on 21 September 1989. This meeting was also
attended by many other scientists from various institutions as well as Air Force Personnel.

Plans for the next reporting period include the further development of the VSH
approach, leading to delivery of the Phase 1 Model at the end of FY 1990. Additional key
validation and model improvement efforts will be carried out at NCAR.

21P turine t} . iod

Progress during the current reporting period was presented at the second quarterly
meeting in Boulder, Colorzdo on September 21 1989. The detailed agenda for this meeting
is shown in Appendix 2.1. Presentations were made by Prof Killeen of the Unviersity of
Michigan and Dr. Roble of NCAR and materials from their presentations are included as
appendicies to this report.

Prof. Killeen presented the work carried out In association with the VSH
development effort. Appendix 2.2 presents current documentation for the model, including
a "top down" structural design description, a list of available coefficient sets, a model
variable directory, and a description of the input and output variables.

Prof. Killeen also discussed the schedule for the effort (see Appendix 2.3). The
overall model development effort is broken down into 13 sub-tasks. Tasks 1-5 have been
initiated and task 1 completed. Although the program had a late start in March 1989, the
work is on schedule for delivery of the Pase I model at the end of FY 1990.

The University of Michigan subcontract to NCAR has been established and a
division of responsibilities for the team at the two institutions has been agreed upon. An
initial bench-test version of the VSH model has been delivered to AFGL for evaluation. It
is anticipated that early iterations of this type will ensure an improved Phase 1 Model.

An objective analysis scheme was developed for the incorporation of neutral wind
measurements from Dynamics Explorer into the VSH model. Averaged wind
measurements for the high latitude regions of both hemispheres were binned according to
IMF By and Kp indices. The averaged winds were merged together with the TIGCM

12




predictions for corresponding geophysical conditions and converted to a form for inclusion
in the VSH model. The coefficients sets for these cases were delivered to AFGL for
evaluation.

A total of 106 TIGCM runs have been identified as necessary for the Phase 1 Model
development (see Appendix 2.3). These runs will be made during the curreui fiscal year.

Dr. Roble reported on the progress made in updating and performing validation
studies on the TIGCM (see Appendix 2.4). One of the key case studies has involved the
detailed one-on-one comparison with total density data along the track of the Air Force
satellite containing the SETA instrument. The model was tuned specifically to match the
time dependent thermospheric forcings corresponding to the March 22-23 1979 data set.
Appendix 2.4 shows the results of this study. Percent differerices for measured minus
model densities are shown, indicating a standard deviation about the mean of ~9% for
dayside data and ~12% for night side data. It should be noted that the TIGCM total
densities were corrected by a constant multipicative factor in order to match the measured
DC level. This correction factor implies tha: the total heating rate in the model still needs
refinement to match the observed total density structure. Thus work is ongoing to tune the
various aeronomical heating and cooling rates to match better the measurements.
Nevertheless, the agreement with between the modelled and meas;xred density variations
about the global mean are extremely encouraging and indicate that the TIGCM is already
providing an improvement over pure semi-empirical models, such as MSIS.

13




2.2 Plans for tt . 0d

Plans for the next quarter of eftort relate to the work statement given in the original
proposal, see Appendix 2.3. Specifically, work on tasks 2-5 will continue.

Work to verify the TIGCM in the altitude region above 250 km will continue.
Specific tests involve detailed comparisons with satellite data from a ten day period (Gay>
83021 - 83031) near the end of the Dynamics Explorer mission when full coverage of both
hemispheres was possible with all instruments functioning.

Two major case studies are planned, one involving the 10 days of data from the
Dynamics Explorer satellite in 1983 and one involving a previous isolated geomagnetic
storm study. The Dynamics Explorer data has been provided to Dr. Roble and a series of
TIGCM runs are planned that will be extensively analyzed as part of the verification effort.
Dr. Roble has prepared a computer animation of the isolated storm study that will be shown
at the next quarterly meeting in January. Further work will be carried out to define the
VSH library approach. Work will be also carried out to define the TIGCM input stategy for
this program, as well as to incorporate data from Dynamics Explorer into the VSH model
for a few cases using an objective analysis scheme.
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VSH TOP-DOWN DESIGHN

Upon each call to the VSH programs, the following eight step procedure 1is
carried out. The primary putpose of each step and the subroutine tesponsible
for executing the step is given below.

Each of the indicated subroutines is called from the main controlling
routine VALUE. A main driving program is then needed to call VALUE.

1. Determine whether any of the following have changed since last call:
Latitude, time, TIGCM run, variables requested {INITIAL)

2. Dotermine if all needed variables have been requested?
Densities need temperature and mixing ratios.
Zonal and meridional winds need each other. {INITIAL)

3. If TIGCM run or variables tequested have changed:
Read coefficients for requested variables of desired TIGCM tun. Array
size is (9 field variables, ) altitudes, S zonal wavenumbers,
25 meridional wavenusbers, 7 Fourier time coefficients). (VSHIN)

4. If time, run, or variables have changed:
Evaluate Fourier series for the requested time at esch variable, sltitude,
zonal wavenusber, and meridional wavenumber. Coefficient artay stze is

novw (9,3,5,25). (TIMETR)

S. If latitude has changed:
For the requested latitude, find the values of the vector spherical

haraonics P, V, and W for esach zonal and meridional wavenumber. (BASIS)

6. Evaluate the VSH representation at the requested latitude and longitude for
each variable at each altitude:
For neutral and ion winds, use vector spherical hasrsonics V and W.
For other vartiables, use scalac sphecical harmonic P.
Coefficient atray size 1s now (9,1). (SPACTR)

T. At each altitude. derive densities O, N2, and 02.

Coefficient array size 1s now {(12,3) (DENSITY)

8. If a specific altitude was requested (rather than a pressure surface),
interpolation or extrapolation is necessary:
For temperature, assuse a Bates fit.
fFor densities, assume & linear fit in their logarithms.

For other vacriables, sssume a quadratic fit.
Hovever, if extrapolation is needed above the highest pressure surface,

assume that winds and tesperature have reached their asymptotic values.
(ALTTR)

MODIPFICATIONS IN PROGRESS

The vertical interpofation procedure {(step 8) will be changed into a
Chebyshev function representation. This modification will allcocw a wmore
accurate represontation 1n the vertical of tidal effects.

The Fourier represesntation 1n time (step i) will also be changed 1nto a
Chebyshev basis. This modification will allow a more accurate tepresentation
of magnetic storm conditions (as the restriction to periodic boundaty conditions

will be eliminataead;.
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10.

11.

12.

1}.

13.

TIGCM RUNS AVAILABLE FOR VSH

Solar maximum wintet solstice conditions wvith average geomagnetic
activity (Kp=3, Ap 20, F10.7=220, Cross~cap potential 60kvV)

Solar minimum winter solstice conditions wvwith average geomagnetic
actaivity (Kp=3, Ap 20, Pl10.7=120, Cross~cap potential 30kV)

Solar minimum equinox conditions with average geomagnetic activity
(Kp=3, Ap 20, F10.7=120, Cross-cap potential 30kV)

S5olar maximum solstice conditions with average magnetic activity
By positive comditions

Solar maximum solstice conditions with average magnetic activity
By negative comditions

Model transformed into magnetic cootds. for solar maximum at solstice
with average magnetic activity By negative conditions

Model transformed into magnetic coords. for solar maximum at solstice
with average maqnetic activity By positive conditions

Solar maxiwum, Dec solstice avqg activity with BY=0, hp=1l,x-cap=60kV 1is
merqged with DE—-2 data. The DE-2 winds are for Kp «3 3.0, By > 0.0 with
*he high-latitude data (>1315 degrees) in geomagnetic coords. and

the low latitude data in geographic.

Solar maximum, Dec solstice avg activity with BY=0,hp=ll,x-cap=60kV is
merged with DE—-2 data. The DE-2 winds are for Kp » 3.0, By » 0.0 with
the high-latitude data (»15 degrees) in geomagnetic coords. and

the low latitude data in gqgeographic.

Solar maximum, Dec solstice avg activity with BY=0, hp=ll,x-cap=60kV is
merged with DE-2 data. The DE-2 winds are for Kp (= 3.0, By ¢ 0.0 with
the high-latitude data (>335 degrees)! in geomagnetic coords. and

the low latitude data in geocgraphic.

Solar maximum, Dec solstice avg activity with BY=0,hp=11,x-cap=60kV is
merged with DE-2 data. The DE-2 winds are for Kp »> 3.0, By ¢ 0.0 wvith
*he high-latitude data (>35 degrees) in geomagnetic coords. and

the low latitude data 1n geographic.

Solar maximum solstice conditions with lov geomagnetic activity
{¥p=1, HP=3, F10.7=220, Cross-cap potsntial 30kV)
t sn Licn ‘71th average geomagnetic actaivity

Solar maxikxuz 3 42
., Cross~cap potential 60kV)

~ Y e .
{Kp=1, HPa 11, F10.7

on

L
22

o

Solar maximum solstice conditions with average geomagnetic activity
(¥p=S5, HP= 33, F10.7=220, Cross~cap potential 90kV}
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ALT
FLDDIM
FLDMAX
GCOLAT
GLON
GETDENS
HRDIM
HRMAX
IPRINT
IRUN
LASTLAT
LASTRUN
LASTUSI
LASTTIM
MDIM
MMAX
NEWLAT
NEWTIM
NEWRUN
ONES
PBAR
PHASE
SOLAR
STVSH

TDIM
TENS
TVSH

TMAX
USING
uT
UTHR
VARDIM
VARMAX
VBAR
VSH

XALT
WBAR

VSH VARIABLE DICTIONARY

REAL Requested altitude or pressure surface (!, 2, or 3)

INTEGER Dimensioned number of variables (excluding densities)

INTEGER Number of variables actually used (excluding densitiaes)

REAL Requestasd geoqraphical colatitude

REAL Requested geographical longitude

LOGICAL .TRUE. if a call to DENSITY is needed

INTEGER Dimensioned nusber of time periods in coefficient data

INTEGER Number of time periods represented in coefficient data

INTEGER A debug print control; not presently ip use

INTEGER Requested TIGCM run number

REAL Requested latitude on preyious call

INTEGER Requested TIGCM run on previous call

LOGICAL(12) Requested USING values on previous call

REAL Requested UT on previous call

INTEGER Dimensioned number of zonal wavenumbaers

INTEGER Number of zonal wavenumbers actually used this run

LOGICAL .TRUE. if a new latitude has been requested

LOGICAL .TRUE. if a new UT has been requested

LOGICAL .TRUE. if a new run has been requested

INTEGER IRUN modulo 10

REAL(MDIM+L1 ,NDIM+1) Scalar spherical harmonic P

REAL Phase angle

INTEGER 0 or 1 depending on solar max or solar min

REAL(ZDIM, VARDIM) Coefficient array following space and tine

transformation

INTEGER Disensioned number of time periods

INTEGER Integer (IRUN/10)

REAL(FLDDIM,CDIM,MDIM,NDIM) Coefficient array following time
transformation

INTEGER Number of time periods actually used

LOGICAL(12) .TRUE. for a variable if it has been requested

REAL Requested universal tinme

REAL(HRDIM) UT's specified in coefficeint file

INTEGER Dimensioned number of variables including densities

INTEGER Number of variables including densities actually used

REAL(MDIM+1l NDIM+1) Vector sphetical harmonic V

REAL(FLDDIM,CDIM,MDIM,NDIM,TDIM) Coefficient array as read in

from data files

REAL(ZDIM) Altitudes specified in coefficient file
REAL (MDIM+1l , NDIM+1) Vector spherical harmonic W

2N




COEFFICIENT DATA FILES

Currently, 14 runs of the TIGCM model are available to the VSH program.
“ach is stored in an identical binary unformatted form in files RUNO1.DAT
through RUN14.DAT. For each of the 9 tield variables, there are two records:
: head~r record and the data record.

The header record contains information on the truncation level of the
coefficient data as well as their altitudes and universal times. The data is
~tored in the sequence: MMAX, NMAX, TMAX, ZMAX, HRMAX, (UTHR(I), I=1,HRMAX),
CXALTC(L), 1=1,ZMAX).

The data record is stored as ((((VSH(VAR,Z,M,N,T), “=1,7ZMAX), M-1,MMAX),
M=l NMANY, M=]1 ,MMAX)

21




OUTPUT(12)

USING(12)

GLON
GCOLAT
uT

ALT

IRUN

VSH INPUT,/OUTPUT VARIABLES

OUTPUT VARIABLES

Type

REAL

Description

the array of output variables:

tonal neutral wind (U}

meridional neutral wind (V)

neutral temperature (T)

meridional ion drift ,(Ui)

zonal ion drift (vi)

vertical neutral wind (W)

height of the contant pressure level (ALT)
atomic oxygen mass mixing ratio
molecular nitrogen mass mixing ratio
atomic oxygen number density
molecular oxvgen number density
molecular nitrogen number density

INPUT VARIABLES

LOGICAL

REAL
REAL
REAL
REAL

INTEGER

an array of 12 logical variables (.true. or .false.}

corresponding to each of the sbove 12 variables;
setting a value to .false. eliminates calculation of
of that variable (to reduce computational time)

geographic longitude GLON (degrees)
geographic co-latitude GCOLAT (degrees)
Universal Time UT (hours)
altitude (km) (between 130 and 600 km): or
a pressure surface (indicated by a 1, 2, or 3):

ALT= 1l: denotes z= -4 surface ("120knm)

ALT= 2: denotes z3 -1 " ("185km)
ALT= 3}: denotes z= +1 » {7350km)
(For solar minimum cases, z=-4, -2, and +2)

the particular TIGCM run:

22







b XL p/8/S 19pINOG ‘'SMV/DIY - WIN

HVON 40 uebiyoiy jo Ausiaaun ay) je pauoddns ag osje (|im
sioliuowl 4y Aq sHisiA Alzauend “siseq Bunejos e uo 194V pue HYON
‘uebBiydipy Jo AlSI3AIUN BY) 1B PIBY aq [IIM SMalAdl ubisap Aleah-jeH
‘€L pue g1 s)se] aj8idwo) G Jeap

LL pue gL s)se) av|dwo) ¢ Jeap

01 )Se)} uels pue g pue ‘g ‘7 ‘g s)sey ad|dwo) g JBaA

. pue g S)se] LeIsS pue G pue ‘p ‘g ‘g s)yse] av|dwo) :Z 1ea

G puB ‘p ‘s ‘Z S)sel uels pue pyse] avjdwo) L Jeap

6861 Ad Ul Buiels ‘Ssieap [eosid 0] 13ja SIedA

IO/ JO tUBWaRIS Ul sysel €1 Aq umop uayoiq weiboid

9|NpP3ayds
juawidojanaqg |9pPoON _mbzmz

24




(2D BT v/8/S 19pIN0E ‘SMV/MD4VY - WIN

P ——
T e T~

& e N |
‘sindul jeJoune ‘saxnyy /
/ 2014 ‘AN Je|0S ‘S1UaIdIA0I djea Ul Sanuieadun jo sioedu L
|

WOOILL @Yl Ul pasn awayos diwouoiae ayl jo Apnis ANANISURS :G KSel

sisAjeuy aAno3lqo pue uoisuedxy
JluoulleH |eauayds 101997 "W.LN 2yl 10} swyluobie dojaaaq : ysel

| 9seUd WLN @Yl 40} WODIL Mau jo yuawdojaaap azijeuld :g dsel

suonoipaid
paseq-punolb pue 194001 ‘ali{{91eS YUMm [apowl mau Al
:uonedudA WOOIL ¢ Xsel

ay} ui sauoisajiw wesboid Jolew Juasaid - LOYD Jedl-g ay) 10}
a|npayos wesboid pajieiap e dojaaap 01 HYON pue W jo N
:uoniuyaqg wesbosd :isel

"L B9\

a|NpayYods
juswdo|anaq |9pPOoIN |edindN

|
|
|
W
t uodai jenuue-jwas 11y
A
|

25



€N ¥/8/S 19pInog 'SMVND4Y - WIN

(wx 00S1L - 062) 41edA [eISi4 JO pud 1. (| yw) WLN jo Aiaalle@

S19s elep y13S pue
‘3Qq elesodioou] ‘swylsobie sojewrysa jewndo Buiisixa uo

paseq ejep |ejuawiiadxa ajes0diooul 0] awayos sisAjeue
aAnoalqo dojaaaq "SISW Buisn w 06z mjoaq WAN pusdix3
‘Blep [eluawiiadxa ajqejieAe pue SISIN Yiim WLN o Job18y 2 ysel

jopow |euonesado (w 00SL - 052) | @seud
9yl Ut asn 10§ aseq eiep apinoid 01 suni WHDIL wiIouad :9 )ysel

G-1 S)¥se] uo uoday

"2 IB9A

9INp3ayos
juswdojona(q [SPOW [e4InaN|

B e o0 s ————————

26




U p/8/S 19pIN0Q ‘SMVMOIY - WIN

( ,
| (WX 00S 1 ~ OpL) 4edA [BISId JO pu 1€ (il Xw) WLIN jo Aiaaljag

| sa|pnis 1se) pue uonepliep “(abuel w oS! - 06
| SapN|oul) WLN 11l Seud au} 10§ SUNI WODIL WO 01 }SEL WElS

L]

uoifal w 0SZ -0t L Ul sauadold ousydsowsay
wuasaidai 0} swyliobie WAN dojaaag :6 MSel ysiuy pue uelg

salpnis
ases 1sa) pue uonepiieA “(uoibas wy 0SZ - OvL Sapn|oul)
WLN )l 9seld 10} ejep ajesauabd o} suni WOHOJL wioudd
:g )SeL Ysiulj pue Uelis

1 ‘g syse) uo uoday

‘€ JeoA

aINPaYIS
uswdojanaq |opolN [elinaN

27



S M v/8/S 19pIN0Q ‘SMV/1D4V - WIN

(wx 00G1 - 06) dJe9A JBOSI4 JO Pud 1. (111 Yw) WLN jo Aiaaileg
Jaindwiod 92104 4ty qe
uo asn 10§ WODIL pPalepiieA pue jeuonesado ue Bundepe
uo uibaq {11m sJom "WIDIL teuonelado jo Anjiqisead L xsel
(¢yeasaoeds gqy) Slos ejep mau Aue ajesodioouy
uolfa) Wy O 1L-06 40} SUNJ WODIL YUM WIN dlepdn 0L yseL

LL pue QL s)se] uo uoday

‘b IO

a|npayoss
juswdojana [SPON |elInNaN

28




9 MU v/8/S 19pInog ‘SMV/NOLV - WIN

W.LN jO adueuajuiepy “uonsabul
ejep [ejuawiiadxa pue UoljepljeA panunuod g jsel -

NODIL leuonesadQ J9A119Q 21 dsel *
€1 pue gL s)se] uo uoday -

‘G IeoA

9|NP3aYIS
juswdojanaq |9po |ellneN

29




LN p/8/S 13pin0g ‘SMV/D4VY - WIN

*019 ‘uonepliea \
WOHIL ‘swyiiobie sisAjeue aAo3lqO/HSA Jo smels "wesboud :
pajielap jo uoneluasald (6861 1snbny) wodai jenuue-jwas 1s1i4

:ouolsajp 1olep

L "MW WLIN 40} WODIL Jo uonezijeuld :3|qoy "I
saniiqisuodsal JO UOISIAIP :HYN 1€ [duUU0Siad

uoiisabul ejep paseq-punoix) :asasay uay uleiden

yoeosdde Aiesqi HSA “sawiwesboud :unjsey qoy "IN

Salpmis uoneplieA WOOI1 :uosuyor "ig

elep Yyelsoaoeds jo uonsabul ‘sisAjeue aAnaalqO pue HSA :uaajiy "id

saniIqisuodsal JO UOISIAIP :NJON )& [SUu0Siad

HVYON 0} jdesjuoaqns wion

|
Bunjiomiau ‘sheidsip jeoiydesn :191s04 uag "IN
_

|
|
* 9lep Uels 6861 Lz UdIel - Lels e
|

| a|npayos

llejaq - ' JeaA M
juswdojana(g |9pON |elinNaN _

30




8 ML v/8/S 13pInogd ‘SMV/1D4V - WIN

&¢ usnum wiyiuobie WiN oiseg

WLN olul ejep jejuawiiadxa
ajeso0diooul 0] awayds sisAjeue aandalqo jo yuawdojanaqg -

suonoipaid WOOIL
9101S pue $S329e 0] aWaYIS HSA j0 Jusawdojaaap pue ubisag -

S159) uonepijeAa
Apn}s ased aAISULXa - WY 0GZ 2A0qe WODIL PalepijeA -

* Ad jopu3

panuinuod jielaq - 'L 1eaA

a|Npayds
juawidojanaq |9PON |ed1nNdaN

//v|| N I

3N




6 ML v/8/S Jepinog ‘'SMVYMD4Y - WIN

paiuapl | aseyd 40§ sund WOOIL 40 13s |enlu| -

pajuaruadun Ajnyssaoons
spuim Jal1o|dx3 soiueulq buis n sishjeue aansalqo -

(9 Jo J0108}) aunnod jo piads ul Juawaaoidwy -
794V O} dullN0J [apOoW 13-y HUdq [eniul PaIadAlR_(Q «

:4edk jeasi4 jo pug

ssalboid HSA

o9[NP3aYIS
jusawdojanaqg [9pPON [el1NdSN

32




0L ¥ 1L v/8/S 19pINOG ‘SMV/MDAVY - WLIN

+ G X XG :sunijo Jaqunu jelol

suoljejnuis wioisqng

:Xn|4 1ej|os

:U0Seas

:AlANOY Jnaubewoay) Jo S|aAaT

~ suni NOOIL | 9seyd

33



34




NCAR THERMOSPHERE/IONOSPHERE
GENERAL CIRCULATION MODEL (TIGCM)

Primitive equations of dynamic meteorology adapted to
thermospheric heights.

Eulerian model of the ionosphere.

Horizontal grid 5° latitude X 5° longitude, geo-
graphic.

Vertical grid - 25 constant pressure surfaces, 2 grid
points per scale height, 95 to 500 km.

Time step 150 or 300 S.

INPUT

Solar EUV and UV radiation 5 to 250 nm.

Empirical ionospheric convection and auroral particle
precipitation models.

Structure of upward propagating tides from middle
atmosphere.
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Fig. 7
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FLUX (x 106-22 W m-2 Hz-1)
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FLUX (pholons cm-2 sec-1)
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TGCM NEUTRAL TEMPERATURE (K; - (U,V) (M/S)
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TGCM NEUTRAL TEMPERATURE (K) + (U,V) (M/S)
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HEELIS VI (M/S) + POTENTIAL (KEV) 27.5 N
LOCAL TIME
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Fig. 12
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27.5 N
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TGCM NEUTRAL TEMPERATURE (K) + (U,V) (M/S) -27.5S
LOCAL TIME
Z= 2.0

EQSNO3,NO4 19
YD = 76081 14 AVE HT = 2849
uT = 7.00

FRAME 40
CONTOUR FROM 680.00 1O 900.00

CONTOUR INTERVAL OF  20.000 PT(3.3)= 844.54

Fig. 15




-27.5 S
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Filtered Crose-Tail Potential

TV YS [ YR I VYR | W v

CROSS-TAIL POTENTIAL KV
g B8 ©

IR IR rTl'I' L LR L LD . A

.

| -1

q

HN i gaas ~os: JENNNE SIS H’

[} g

1 | 1 s & T | 1 | T B Y |

2 4 6 60 100 1220 14 10 189 20 20 248 260
Ut (HR)
Fig. 18

48




-

——

v

-~

\f

v

«O:

16 18 2C

14

Universal Time

19
49

12
Fig.

10

08

0!
20
10+

(4]
500+
400%
300

20
(o]
-20,,

2000

1000+

(¢.wd) d (P0s/wx) A (Lu) Zg (Lu) 3v
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PERCENT OF TOTAL POINTS
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SUMMARY AND CONCLUSIONS

TIGCM uwsed to simulate time-dependent variations
from 20 March to 29 March 1979.

Auroral particle precipitation specified by Hemisphere
Power Index.

Ionospheric convection pattern variations prescribed by
solar wind variations.

Results show considerable variability in all TIGCM
fields in response to high latitude forcings, e.g., latitu-
dina! surges and recovery.

Test of aeronomic scheme stability and abiiity to relax
to pre-storm conditions.

Need to develop post processors for analysis of physi-
cal, chemical and radiative processes, e.g., wave energy,
energy of mean flow, energy radiated etc.
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SUMMARY AND CONCLUSIONS

TIGCM compares reasonably well with overall varia-
tions predicted by MSIS-86, but with considerably
more structure and variability.

Compared SETA-1 measured density with MSIS-86 and
TIGCM predictions along satellite path for the 9 day
period:

° TIGCM and MSIS-86 give comparable agreement
with dayside measurements.

° MSIS-86 performs better at night than TIGCM.

Need to improve plasma exchange processes between
magnetosphere and ionosphere at night to prevent F-
region decay.

TIGCM parameterized inputs appear to be too large at
times and especially in later phase of storm period.

Need to continue comparison studies for different
periods using DE data, AE data and data from CEDAR
campaigns.
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THE TIGCM ON THE NCAR CRAY XMP-48

PROGRAM REQUIREMENTS:

PROGRAM LENGTH IN CORE: .78 megawords
DISC REQUIREMENTS:
Starting history volume (reieased after reading) < 20 megawords
Input dataset (released after reading) 0.48 megawords
History volume (written during course of model run) < 20 megawords

(up to 13 histories)

Copy of history volume (for disposal to mass store < 20 megawords
and save on disks)

TOTAL DISK REQUIREMENTS: 60.48 megawords

SSD (OR DISKS) REQUIREMENTS:

Current and Updated Copies of Model Fields
2 x 1576317 = 3.2 megawords

Copy of Input Data Set .41 megawords

These data sets are used during time stepping and
employ optimized unblocked data flow.

TOTAL SSD NEEDS: 3.6 megawords

° Model requires 1722 seconds of CPU time to simulate one day using a 5
minute time step and writing histories every hour.

- If a 4 minute time step is needed, the time for a day’s simulation increases
to 2152 secs.

° The model is vectorized and runs at 117 megaflops/second when time step-
ping.

° A value of 50 megaflops/second is considered to be reasonably eflicient.

° The code does not make use of multiprocessing.
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Executive Summary,

The Air Force has requirements for accurate knowledge and specification of the
state variables of the Earth's thermosphere. Work done under this contract will lead to a
new model of global thermospheric density that can be used to specify and forecast neutral
densities, temperatures, and winds for a wide range of solar and geomagnetic activity. The
model will be based on simulations made with the National Center for Atmospheric
Research (NCAR) Thermospheric/Ionospheric General Circulation Model (TIGCM) and on
data. The model will be capable of using real-time geophysical indices or data from ground-
based and satellite inputs and will provide neutral variables at specified locations and times
in the altitude range 90 - 1500 km. The model will be semi-empirical and will be based on a
new Vector Spherical Harmonic (VSH) analysis technique developed at the University of
Michigan that permits the incorporation of the TIGCM outputs into the model. The VSH
model will be provided for use by the Air Force in an operational setting as a more accurate
version of existing models of the neutral upper atmosphere.

During the past reporting period, the effort at the University of Michigan has
focused on the further development and improvement of the VSH model and the design and
implementation of an objecctive analysis scheme for the incorporation of density
measurements. In addition, a research and development science team has been established
at the University of Michigan to aid Prof. Killeen in the administration and implementation
of the model development effort. This team, comprising Prof. Killeen, Drs. Johnson, and
Burns and Mr. Raskin, meets on a regular weekly basis.

Prior to the last reporting period, a preliminary version of the VSH model was sent
to GL for evaluation, complete with 12 sets of coefficients, documentation and source
code. An initial response from DOAS (Capt Osedacz) was subsequently received (dated 10
October 1989) with helpful comments. These comments from the end user of the model
have been considered and the suggested work related to additional documentation and code
modifications has been camied out during the past reporting period. A preliminary version
of the objective analysis scheme for the ingestion of density data has been developed and
tested, using density measurements from the SETA instrument as a first test case. Work

has also been carried out to refine the operational aspects of the model (i.e. structured code




development, documentation, flags and inputs, data ingestion module, coefficient
modification module, etc.).

Detailed sensitivity and model validation studies using the TIGCM have also been
carried out during the past reporting period. The relevant sensitivities of the recovered
densities to variations in the different model inputs have been quantified. The TIGCM for
the Phase 1 Model has been frozen and a significant number (18) model runs,
corresponding to different geophysical conditions, have been performed and incorporated
into the VSH library.

Scientists from the University of Michigan and from NCAR attended the second
quarterly review meeting in Boulder on 21 September 1989. This meeting was also

attended by many other scientists from various institutions as well as Air Force Personnel.

Plans for the upcoming reporting period include the further development of the
VSH approach, leading to delivery of the Phase 1 Model at the end of FY 1990. Additional
key validation and model improvement efforts will be carried >ut at NCAR. Further
TIGCM runs will be made and continuing model validation tests on these runs will be
carnied out. An improved treatment for the description of the output fields in the vertical
dimension will be designed and implemented. A theoretical model for neutral exospheric
hydrogen will be chosen and initial efforts undertaken to incorporate it into the VSH. A
scheme for the use of the MSIS model within the VSH framework will be designed. MSIS
predictions are useful to extend the TIGCM calculation beyond the model boundaries and to
assist in normalization for total densities in the absence of experimental data. A second,
updated (but still preliminary) version of the VSH model will be delivered to GL for further
evaluation. Lastly, a significant effort to coordinate the activities of the neutral and

1onospheric modeling groups will be made during the upcoming period.
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Progress prior to the current reporting period was presented at the second quarterly
meeting in Boulder, Colorado on September 21 1989. Progress during the current
reporting period was be presented at the third quarterly review meeting in Colorado Springs
on January 30, 1990. The detailed agenda for this meeting is shown in Appendix 3.1.
Presentations were made by Prof. Killeen, Drs. Johnson and Burns, and Mr. Raskir of the
Unviersity of Michigan and Dr. Roble of NCAR. Materials from their presentations are
included as appendicies to this report.

Project personnel and their responsibilities are shown in Appendix 3.1. Appendix 3.2
reviews project milestones through the 5-year contract and summarizes the current status of
the project. In spite of a late start for the first fiscal year of the contract in March, 1989,
progress in model development is on schedule. Tasks 1 through 3 have been completed
and the science team is currently continuing work on tasks 4 through 7 to achieve an on
time delievery of the Phase 1 Model at the end of the second fiscal year.

The status of the model and plans for its further development and refinement are presented
in Appendix 3.3. A plan for data flow and manipulation within the VSH model has been
established, including the capability for modification of both coefficient files and VSH
output ficlds. Default density models (MSIS, exospheric H) will be utilized at altitudes
outside the range of TIGCM validity.

Total neutral density, which is calculated from the mass mixing ratios, has been added as
an output field. We are currently considering adding an additional set of coefficients for the
total density to the coefficient files to expedite potential objective analysis schemes.

The mathematical formulation for the several transformations utilized in the VSH model are
specified in Appendix 3.3. Alternatives to the Fourier time representation, such as
Chebyshev polynomials, are currently being considered for application to temporally
variable storm-time conditions. In order to adequately describe high latitude and low
altitude ficlds, we are also investigating alternatives to the spatial transform currently
implemented. As more altitudes are retained from the TIGCM, mathematical
representations for the vertical vanation of the coefficient fields must be developed. We are

currently investigating potential formulations.




An output field modifier has been developed for the mass density. We also plan to develop
an operational coefficient modification module (currently coefficient files can only be
modified on the NCAR Cray).

Our responses to the 10 October 1989 memo from Capt. Osedacz are indicated in Appendix
3.3. Specifically, we have completed the addition of mass density as an output field. We
have provided coefficient files in ASCII format, and additionally provided a conversion
program back to binary. All library subroutines have been documented internally, and the
units of all output variables have been specified. We are in the process of developing a
technical manual for the VSH model.

The status of NCAR TIGCM runs and coefficient file production for Phase I Model
development is summarized in Appendix 3.4. Presently 18 TIGCM Phase 1 runs have
been completed for solar minimum and maximum conditions, three levels of geomagnetic
activity, and solstices and equinox. To date, eleven of the corresponding coefficient files
have been generated.

The objective analysis schemes utilized in the VSH model are reviewed in Appendix 3.5.
The objective analysis scheme for neutral wind data (Dynamics Explorer measurements)
was developed in the last reporting period. This period, we have developed a preliminary
objective analysis technique for ingesting total density measurements. In this scheme, only
the variation of density with altitude is considered, and the VSH output fields are adjusted
to match the measured altitude profile. We are currently using linear fits to the measured
and model profiles in this transformation. Two examples of the capability of this technique
are shown in Appendix 3.5.

Potential improvements to this preliminary scheme include the utilization of more
appropriate functions, such as Guadratic or higher order forms. These will certainly
become necessary as the altitude range of the available data increases. Additionally, an
option to modify coefficient files directly will provide computational efficiency. A default
to TIGCM adjusted to match MSIS absolute density at low altitude and to MSIS augmented
by excspheric H above the maximum TIGCM altitude will also be necessary. Techniques
for density field modification including latitudinal, longitudinal, and universal time
dependences need to be developed. Finally, the region of influence for perturbations on
average profiles will need to be considered.
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TIGCM developments and the results of the Task 3 sensitivity study are summarized in
Appendix 3.6. There has been considerable progress in the specification of physical
processes in the TIGCM. Among other improvements, viscous heating and O+ plasma
exchange have been added, the tidal specification has been improved, and altitude
dependent gravity has been added. Sensitivity studies for several variables have been
performed which show the relative change in TIGCM temperature and density to 10%
changes in solar EUV and SRC, * 10 nT changes in By, + 10 kV changes in potential
drop, and changes in the lower boundary tidal specification.

3.2 Plans for tt . iod

Plans for the next quarter of effort relate to the work statement given in Appendix
3.2. Specifically, work on tasks 4-7 will continue. Major action items for the next 3
months are indicated in Appendix 3.7. These include incorporation of an exospheric
hydrogen model above 500 km, an MSIS default scheme, and continued development and
implementation of the library scheme for Phase 1 Mode! delivery. We will also deliever a
second preliminary test version of the VSH to the Space Forecast Center for continuing
evaluation, and develop further coordination of efforts with the ionospheric modelling
group. Continuing work on Tasks 4 through 7 will include further development and
refinement of the VSH algorithm, specifically the vertial and storm time representations to
be utilized. Refinement and development of field and coefficient modifiers will continue.
The TIGCM sensitivity study will also continue, as will Phase 1 TIGCM runs for model
delievery at the end of FY 1990.
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VSH Model Review
Colorado Springs
30 Jan 1990

. Introduction F. Marcos

. Contractor Personnel T. Killeen
& Responsibilities

. Schedule & Milestones R. Johnson
. Current Status of Model R. Raskin

. TIGCM Run Status & A. Burns
Coefficient Files
Break

. Objective Analysis R. Johnson

. TIGCM Model Progress R. Roble
and Sensitivity Study

. Contract Action items T. Killeen
. Space Command R. Osedacz
Operational Requirements
and Model Review
10. Concluding Remarks F. Marcos

11. Adjourn

VSH - AFGL/AWS, Colorado Springs 1/28/90 RJ 1

68




8 rd 06/82/1 sBunds 0pesojo) 'SMVYNDLV - HSA

r129-€9.(€1€) Jusawdojana( alemijos ubisey "IN

Aseaqi 8y
JU3191}}909 O SNjels pue
SHbe-LvL(ELE) uoNBUIPI00d Unt WOOIL suing "ig

SalpMIS uonepljep
‘sisAleuy aAn29lqo
Ausuaq ‘siuswailinbais
oeve-LyvL(ELE) pue uoneulpio0) 193lold  uosuyor g

sisAjeuy aAn23iqo
pue anbiuysal HSA 0
juawdojanaq jeanalosy
GEVE-LbL (ELE) ‘uonoalig 193foid llelanQ  u2dlIty "joid

N JO ) 1€ S}oejuo) - snjels juading jo Ajewwng

a|Npay9s
juawidojanaqg I9POIN HSA

69




6 ry 06/82/1 SBujds operojo) 'SMV/MD4V - HSA

BujiomiaN
‘'shejdsiqg |esiydesn 191504 "IN

S651-L6% (€0€E)

saipms AlAnisuas
pue uonepijeA ‘uonezijeuld
295 1-L6v (€0€) pue juawdojaaag WOOIL a|goy "ia

HYON 1e sioejuod - snieis juaiingd jo Atewwng

9|NpPaYIS
yuswdojanaq [9POIN HSA|

70




71




L Y 06/82/) sBupuds 0peIo|0) ‘'SMVY/T1DL4V - HSA

gLzt cLzL £661

LLOL LL 2661

6'8'L'9 oL'6's 1661
S'v'ee 2'9 0661
L S'v'e'TL 6861

(s)ysel sysej Jeaj
a)9|dwo) aleniuj jeosi4

sauljapiny uonajdwog/uoneniu] ysey

72

a|npayos uo ssaiboid
68/€ Mels ale] - 6861 Ad Ul Bulliels ‘sieaA |IS14 O) 13}3] SIBJA -

Y4OM JO Juawalels ul paynuapl sysel onewwesbosd g -

SOUO0)SI|I[J pue
a|NPayos JO MIIAY




crd 06/82/1 sBuizds opeioto] ‘SMY 194V - HSA

*sindul jeJoine ‘saxny)
L014 ‘AN3 Jejos ‘sjualdiya09 ales uj sanulenadun jo sioedw
WODOLL 8yl ul pasn awayds djwouosade ay) Jo Apnys ANlAlISUAS G ysel

sisfjeuy aAn2alqo pue uoisuedxy
dluoweH |ealayds J0JodA "HSA 8yl Joj swuyliobie dojanag v ysel

| 9SBUd HSA @} 10} WODIL M3u jo Juawdolanap azijeutd g ysel

suoidipaid
paseq-punoif pue 193901 ‘8}i]131ES YIIM [apOw mau Ajiiap
-uonedIdA NOOIL

uodais jenuue-1was sy
3yl ul sauoisajiw wesboid s1o0lew yuasaid - LoYa JeIA-G Yyl 10}

3inpayds wesboid pajelap e dojaaap 0] HYIN pue W Jo N
:uoniuyaq weaboud : yseyl

‘L. JBOA

9[NP3aYIS
juswidojanaqg |9po HSA

73




£ ry 06/82/1 Sbujadg 0pei10jo) ‘'SMV/T1D4V - HSA

(W 00SL - 0SZ) 4edA eIsid Jo pud je (] juw) HSA jo Asaaleq

sias ejep v13S pue

‘3@ a1es0dioou] ‘swyiuobie to1ewisa jewndo Guysixa uo
paseq ejep jejuawisadxa aesodiooul o) swayds sishjeue
aAnaalqo dojanaq "SISW Buisn w) 052 Mj03q HSA PuUdlx3

‘elep [eluswadxa ajqejieAe pue SIS Ulim HSA Jo 13061a 2 sel uels

jopows jeuonesado (wy 00G1 - 062) | aseyd
ayl ui asn 40} aseq elep apiaosd 0} suns WOOIL wiopad :9)4sel Uels

G-Z syse] uo uoday pue a191dwod

L jsel uo yoday

'Z IBa A

9|Npayas
juawidojanaq |PPOIN HSA

74




v rd

06/82/1 SBupds 0pesojod ‘SMY/MIDLY - HSA

(uny 00SL - Ot'L) JedA |BISI4 JO pUad Je (j) Yw) HSA J0 Aiaaleg

6-8 S)se] uo uoday

saIpNIs 153} pue uonepiiep *(abues wy 001 - 06

SapPN|ul) HSA Il 9seud ayl 10§ suni WODIL WIoH3d :01 ¥sel uels

uoibas wy 06z -ov 1 Ul saiadoid siaydsouwsay)
luasasdas o} swuyluobie HSA dojaaaq :6 %se) ysiuly pue ueis

saipn)s
9sed 1S3} pue uoiepljep “(uotbas wy 052 - OvL SapNjoul)
HSA 1l 9seyd 10} ejep ajesauab o} suns oL wiopad
-8 XSe]l ysiuy pue ueig

1-9 s)se] uo uoday pue ajojdwo)

'€ IBOA

9INP3aYIS
juawidojanaq [9pPo HSA

75




S ry 06/82/1 SBupdsg 0peIoio) ‘SMV/TO4V - HSA

ﬁ (W) 00St - 06) 4eaA [BISId O pud je (Il Xw) HSA jo Auaaljag

walsAs 191ndwod 89104 Jiy U0 3asn 10} WOOIL
pajepijea pue jeuogiesado ue Bundepe uo uibaq |j1m YI0Mm
"WOOIL feuonesado jo Ayjiqisead i1 ¥Sel ystuy pue uels

(¢yeloaoeds SQv)
sjas ejep mau Aue ajesodioou) pue uoibas wy OvL-06

10} SUNI WOOIL YIM HSA 3lepdq 0L SeL usiuy pue uels

‘b JeaA

m a|nNpayos
| juswidojanaqg |I9pPoIN HSA

L1-01 S¥sej uo uoday
_
{

o

76




9ry 06/82/1 sbupds ope10jo) ‘SMY/IO4VY - HSA

€L pue gl syse) uo uoday -

HSA 10 adueualuiepy "uoljsabui
ejep jejuawiiadxa pue uoepljeA panunuo) gl ysel -

WOOILL JeuonesddQ sAalaq gL Asey, -

‘G JBOA

9|NpPayos
Juswdojanaq [9po HSA

77



SHIA-LAVAD

OO QO Q. Q O 0O Q 0O © O O 0O O 4 o o <
NUAUIAMALL] [P0
O HVON/UIIA | (sui pus uonspivA [euty €l
WODLL
C HYVOR/UOTAL [ [Puoniesado  13at]3( 4|
WO
O AVIN/UNN | rruonessdo jo Anpqisea 1
O HUVIN/UMIN HSA JO UOBBIHUIA
O AVONMYIIN HSA £ MeIN Asarpag ot
O AVIN/UMN HISA Jo UOnN®yUIA
(@) AVON/UIIN HSA 2 MYW Aiaatpg ¢
O WIA/YVIN [ W op1 2A0qu UOTESYUIA
o) UMWY VON suns 7 a5%Yqd WOOLL 8
O UVONUIIN HSA | MEWN Aoalx)
) youN wiep v 1 4S "Nep ()
P URIY pInpw dXPWIOLL L
q 4VON sutu | aseyq INOOIL 9
e YOIUA/NVIN SUna JO ¥ JO uja(y
P YIUN/YVON Kitanisuag §
'l YWIWHEVON A&neng indul WOoNL
¢ Y yowaxddy Aruqry
] YN yjaq anbruyx] HSA 12
® dAVON u3zodk] WIODLL £
[ J uocTYLIA WIDLL 4
® AVIN/UIIN uoQiuly (] weidarg 1
(s aep
ANO| SYI NV WAl ONO] SVI AV Wil ANO| SVI [NV WAl ANO| SVI ANV WAl ONO |SVI AV N
r6Ad £6A4 t6Ad 16Ad 06Ad 68A4 | 310 dsay ¥seiqag | wsejy
undaq 194 Jou oM - O $sudoid Ut oM - ¢ PINRAUO]) OIS - @

ssaidoaq yuawmdojaraq |Ppon

78




Lrry

—

Bupjiomiau ‘sAejdsip jesydess) :1a)so4 uag I
sajpms ANAIIISUS pue uolieplieA
WODIL ‘Suoisian HSA 10 WODIL JO uoliezijeui :8|qoy "id
saplljiqisuodsal jO UOISIAIP :HYON 1€ |3uuosiad

yoeoudde Aueiqif HSA “4swwelsbould :upjsey qoy 1N
sa|pnis uonepijeA WOOIL
‘10)eUlpl00 8}14 1UdIDY30D HSA Pue WODIL :suing uejy “ig
uolisabu) ejep paseq-punols) ‘saipnis uonepijieA WO9Il
‘sisAjeue aAno3lqo Alsuaq - Jojeulpioo) 198load :uosuyor "ig
10}2311(] 193l04d :uaddj|iy "jJ0.d
saniqisuodsay Jo UoISIAIQ N JO N 1B [duuosiad

HVYON O} 19e3U02QNS W JO N

ajep uels 6861 Lc YdieW - uejs ajen

punaibyoeg - snjels juaun) jo Arewwng

06/82/4 SBupds 0pesojod ‘SMV/MIDLV - HSA

79

|

a|npayos

juawdojanaqg |19apoN HSA




oL ry 06/82/1 sBupds ope1vio) ‘sSMyY DAY - HSA

(a1qoy "1ag) Apnis uoliepijea
Z yse] jo synsai Guimoyjoy PAJBIAUWIOD :uazoi4 WOOIL - € Hsel

9jqoy "1ag Aq Apauenp pug je pauodai ejep v L3S Buisn
ssalboid uonesyylion ‘patejduor) :uoiedludA WoOIL - 2 dsel

uoday
Apauenp pug u) pauodal se Ppajejdwio] :uonuyag weisbouid - | xsel

|1elaQ - sniels waun) jo Arewwing

3|Npayds
juswdojanaqg 1Iopo HSA

80




ib ry 06/82/1 sBunds opeioto) ‘SMYMND4Y - HSA

*‘pasinbai
Suni NO9IL Jo Jaquinu auljal 0] pasn aq [{Im SHNSAY "3|qOY “I(|
Aq asay pauoday ‘BuNunuOS .ApmS Alanisuag WoOIL - S ¥sel

‘uonejuawajdun

pue juswdojanap jo ssaooid uy yoeosdde Aieiqy jo ubisaq -
"pauljai pue padojaaap buiag Ajjuannd ase

uonsabuj ejep paseq-punoib pue ayjjaies 10j sanbiuysay -
uoNeIaPISuU0I 13pun

SIU3AD WIOIS 10} uonleludsaIdal swil J31IN0H O} SIANBUIA)Y -
uoneluawdjduwil pue uoniuap

J0 ssadoid uy uonessjdde japow jesinau Jop anbiuysal HSA -

(uosuyor “ig

‘unisey ") "BUINUNUOY :juswidojanaq wyiiobly HSA - b ¥sel

panuiuo) (iejaq - snjeis ualing Jo Alewwng

a|Npayos
juswdojana |apo HSA

’
N\ Y

31




st 06/8Z/1 SBudg opesojo) ‘SMY/1DAV - HSA

‘06 A4 JO pud palaAljap aq 01 HSA L Xiely -
(upisey "4 ‘uosuyor 1q) (3a ‘v13S) sies eiep sjqepieae isabui
pue apninje moj je Alisuap anjosqe SIS yd1ew o} pajsnipe
WOOIL yum abiaw o} padojanap Buleq Ajjuanino swyilobiy -
"BUINUNUOY) :elep ajqejieAe pue SISW ‘HSA Jo 1abiapy - £ Nsel

winwixew pue wnwiuiw 31243 1e|os -
Auanoe onaubewoab jo sjans) ¢ -
$9911S]0S 3yl pue xouinba -
:10} paiajdwios sun: WOOIL 8L -
‘Ajdauenp pug ui
pauodas se padojonap ABGajelis uni japou |je1dno jo ubisaq -
(aiqoy 1@ ‘suing "1Q) :suny | aseyd WOOIL - 9 xsel

panuijuo) [1eleq - snjels waun) jo Alewwng

3|NpaYyds
juawdojanaqg [9POoN HSA

12




6L ry 06/62/1 SBupds opeio|oD ‘SMV/194Y - HSA

Iopow H ouaydsoxa ‘ynejap SIS ‘10109}9S
1Uald1jJ909 ‘pua-juody [spouw jo uorejuswajdui
3)9|dwoo isawayas sisAjeue annsalqo

JO Juawduyal pue Juawdojanap anunuo) .7 yse] -

sun{ NOD|L | dseUd anunuo) :gysey -

Apnis Auanisuag WooIL @nunuo) :GHSE] -

(swiols) suoijenea

ledodway Jo uonejuasaldal ‘sialjipow JuU3IOY}809

pue p|ay ‘uonejuasaidal jeainan Buipnjoul
‘luawdojanap wyiiobje HSA anuIUOY) :y NSE] -

SWwla}| Uoloy
juswdo|anaqg [9POIN HSA

83




84




HY 06/82/1 8Buj 205 0Pe0Y0D) ‘SMY/TOIV-HSA

japow
uaboipAy
jednialoay)

10 SISH

o  J31j1pow piat4 indino
Xew WNODIL < apmiy

491JIPO JUBIDIY30D
)

10}993)3S JUa1N}}207)

T <> S

Ag ‘2014 ‘d)y
(30 ‘v13S) sdv 1L Jnﬁﬁwﬂc
:ejeq awp-jeay s)sonbay Jasn % JU3Jo1}90) \
\_ ) \S

WYHOVIQ MO V.LVA HSA

85




THY

00/62/1 $Bu)1dS 0PRICIOD ‘SMYTDIVHSA

pasisap spiay iIndinQ
Suoj}ipuo? jedisAydoan

(24 10 ‘14 ‘3) sooepns ainssasd
934y} Jo auo 10 (W) apnliy

Ipnmiiejod
apnibuon
(Ln) suny

:s9yj199ds Josn

S1S3ND3H H3ASN

86




cuH 06/82/1 sBu)idS 0pPRIOI0D ‘SMVYNDIVY-HSA

(aigeandde 1) asepns ainssaid -
(wy) wbreH

jennan -
(%) asnjesadwo)

|eOIlIaA -

|eUOoIpiIdW UO) «

|euoz uoj «

jeuoipliaw jelinap -

jeuoz jeJjnopN -
(s/w) spuim

CN-
o °
sonels Suxiy

(ewd / 6) ssew |ejo] -
¢N-°
cO-

o .
(cwo/#) senisuaqg

1Nd1NO |

87



e . 08/82/1 sBULIGS OPRINIOD ‘SMYNDIVHSA

sa1Ag M 909 paneuwsod JIOSY -
saiAg M 281 paneuuojun Areulg -
:un2 WoHL. 49d sjuawasinbai abeisols -

*(una Jad s11310(}}302 OSTLY 10) d|qeeA
13d s1UB01909 0GZS aJe 219yl ‘Unt WIDIL Yyoea io4 -

-SaN|eA pjay) JOY}0 oy} Wolj panduiod a1e SINISUIP Inoj YL
-Saj1} JUBIDIY209 U A1931IP PAL0IS 31 SI|GELIBA €1 dY} jO AUIN -

-suopouny siseq ajeudosdde ojuo spidy indyno ayy jo
suopoafoid ay) Bulmwns Aq pauejqo aie sanjeA Juddla0d 2yl -

‘sunt WHOODLL woij indino
uo paseq Aesd HYON UO pajedld aie safij Jusidiysoy -

C SNNHWODIL4O
 AHVHEI IN3ID144300

ooy
[ow




06/62/1 88uysdg opesojor ‘SMYNDIV-HSA

"pajepdn Ajjoaup aq oy pjay
S a|qeus m oy JU31313j209 e uy Aysuap ssews m.:m::Sm.

AHVHEIT IN3IDI44309 HO4
S1HO443 LINIWNJOT13A3Q ONIOODNO

89



sHY

05¢S

J|qelsea Jad
S1U3|91}}309)

06/62/1 sBujids OPRINOD) 'SMY/IDAY HSH

JANLILTV HIAO NOILYTOdHILNI TVIWNONATOd

} t

NOILVYINDTVI
ALISN3Q

i

i

WHO4SNVHL WHO4SNVHL
IVILVdS HOLD3A WWILVdS HVIVOS

WHO4SNVHL 3NIL

99




os/e7/L sBuisds 0pe1010) ‘SMY D IV-HSA

"0S. 0} 0STS WOl padnpal s| d)qeleA Jad sjualoyjaod jo Jaquinu ayy -

(€=1) s1udIIY209 dW £ S| [9A3] UONEIUNI) JUALINY -

1
Yaly
Iy us Snw T
I

1Z pue ‘u‘w Yoead 10} INO PALLIEID S| WLIOJSURI]} dW} JALINOH -

WHOASNVHL JNIL

91




06/62/1 sBUIIDG OPRINIOD ‘SMYIDIV-HSA

“(syesunoufjod AaysAgqay) se yons)

pasojdxa aq |jim suojiejudsasdas siseq 19410 ‘Suollipuod wiojs japow 0} -

-A1oipopsad awn sawnsse uonejuasaidal awi) s9uno4 ayy -

WHO4ASNVYHL 3NIL HOd
S1HO0443 INJNdOTIAIA ONIOONO

92




06/82/1 sBupds 0per)0) ‘SMYNDIV-HSA

"€ O} p3dnpai aJe (3jqepea Jad) sjualvy}aod 052 ayyL -

(uopnjosail jeuoz) ¢ =\
‘(uopinjosal jeuoiplBW) GZ=N SI |9A3] uoyeoUNIy] -

0 SPWEE00 SO0 ¢ Paen[BAd
u AJop pue
W IO JO UOIPUNY APUSFIT POFEIdOSSE AP ST (@ SO0) .um UM

oW Qu
0 mSV_____m @wus *™q + ¢uso ™y W .W = (Z)

(AW IN

:[2A3] Z Y9e3 10} INO palLIed S| uoisuedxa sjuouliey jealsayds Jejess -

A}D0[aA [BO1IaA
pue ybiay ‘armesadwa) ‘sanysuap :sannuenb sejess o) sayddy -

WHO4SNVHL 1VILVYdS HV1VIS

03




oluy . 06/62/1 sBupIds 0DRI0100 ‘SMYIDIT-HSA

"8JB|eJs Joj} Sk dwes ay) si [3A3] uonesunsy -

Prwouiod aspualar] pareisosse g 51 (g $09) W 213um

e | o = [@a]
ud (dw ws N.&._.m_ + dwsoa nsamv N N - |
%mm (-wupm N ANV :..~.

(spuim [ejuozuioy) sapnuenb o199 o} solddy .

WHOISNVHL TVILVdS HOLD3IA

94




vy 06/62/1 s6ulidg 0peIo10] 'SMYNDIVHE A

"(9bes0}s pue awp) jeuopeindwos Guanpal) N s9jews asn Ajgeqosd ued
S9lqeleA Jejeas "Spuim 10) paziwpndo uaaq sey [9A3] uoneodunsy -
‘pajebjisaAu] aq osje j|IM uojjewlojsuel) 3JeuIplo0d v -
‘suofjewixoidde des sejod pue suoitoun} jeuoboyuo
jesudws apnjou) sapijiqissod “suoibas apniije ybiy je suoijelea
leneds aziwydo o) paiojdxa aq ||im SUOIIOUN} SISEq dANTBUIA)|Y -

'suoilouny aspuaba] pajersosse (N abie| o ‘1 ) sa1bap ybiy
salnbad | aseuyd 105 spuim apninje moj ‘opmue} ybiy jo uonejuasasday -

"'GZ=N ‘S =¥ SI [9A3] Uojleduny} Jusasin -

WHO4SNVHL 1VILVdS HOd
S1H0443 TVLINIWdOTIAIA DONIOONO




\I‘I‘l‘l

Tidy

06/62/1 $6u)IG9S 0PEIOIOD ‘SMY/IDIV-HSA

-indino ejBuis e 0} paonpai eJe slUAIAJ0 33yl YL -

swyyseBo) u) 1y Jesu
:S3ILISN3A -

(1o10wesed-g) 13 sareq
JHNLVHIANIL -

6

)} onespend
:LHOIIH ‘SANIM -

:ajqeneA yoe? o} |t} satenbs ised; e sajjdde HSA -

-S3)J1} JUIID1J}09 U PAIO}S e S3JeUNS aINSSAId 231y} Je sanjep -

3ANLILTV H3IAO NOLLVTOdH3LNI




ity 06/62/t sBujsdg 0pesoi0) 'SMYMDIV-HSA

(s,403) suondouny jeuoboylo jedndwy -

ajyoad adAy-sajeq -
saunds -
sjejwouijod AdysAqayd -
:9pN[ou] suondunj
siseq 3|qISS0d "9igeieA yiim Alea pinoys suopiejuasasdal jeonewayieny -
sapniiije JAMO| 1e Spuim jepiy -
sapnnje Jaybuy 1B aseasoutl ybiay ajeos -

:1epows Aadoud o)
ajioid apniie Jo uojie|najed 10} S[9AI| 331Y} UBY) oW uje}dl O} pIdN -

NOILVLIN3IS3IHd3H 3dNLILTV HO4
S140443 INFWNdOT3A3A DNIOONO

97




vidy

‘LY T 3Av

LW

L2 by
06/6Z/4 sbupds O0pe1ot0) ‘SMYNDAVHSA

AR
PR o
Al .
" A Al
A LR v
oY -—
-- -—
L]
o @
-t .
. .... .I
[ '
[
h LN ...
.
Yot .

A=01314 0 *Zi=in

SANIM 1vdIL 40 31dINVX3

98




siuy

00/62/4 $Bu|IdS 0PeI0I0D ‘SMYIDIV-HSA

Bunepdn Aisuap ssew Joj pasn Ajjuasingy -

"paljipow aJe
)y sasenbs jsea) |eaysan ay) Ul pasn siajdwesed ay) o

d314dIAON a13id Lnd1NO

99




1431

06/6Z/1 sBujids 0pRI0I0] ‘SMY/TIDIV-HSA

spuim jesnau Buikyipow 10} pasn Ajjuasing -

*S3|1} JUSIV1HB30I MIU dleald 0}
Ke1d YN ayl uo Ajuo ajqejieay "HSA ul jeuonesado Apuasald JoN -

d3141IAON LN3I0I4430D

100




L8y 08/6Z/1 s8ujidg 0peIOI0] ‘MY DIV-HEA

"suoljejuasaidal [eo1lIaA 3y} 0} suoljedlIpow
YIIM JUIISISUOD 3 0} PadU |jim SaWAYIs sishAjeue aAaalqo ay) -

"uonedo| yim Asea o) ybnouas aapisuas ag PINOYS aduUAN|UI JO SNIPES Y|
"S90UE)SIP UOYS 1910 suofleliea abie) moys spuim apninej ybiH -

d3id1IAON a13id LNdL1NO ANV
d3141IdON @314 LN3IJ14430D HOod
S1H04d43 INJNdOTIAIA DNIOODNO

101




8iHY

‘s|seq Je|nfias e uo
pajepdn aq [im pue pasedaid
aq [I!M [enuBW [BIJUYII)} VY

" ‘'€ wo /6 uy s) Ajjsuap ssep
"CWO/# Ul dle SayIsuap sajdadg
‘919|dwod

S| UojjejudaWNIoP jeusalu|

‘Aeuiq 03 s9|1} 11DSY 3y}
HIAUO0I 0} Papn|du] usaq sey
wieiboad wojsiaAu0d ¥

‘3jqetieA Indino yigl e se
pappe uaaq sey Alisuap ssepw

SINIWNOD

06/6Z/1 86u)IdS 0PE . 10D ‘SMV/IDIV-HSA

"SIU3191}490
Buiuielqo jc poylaw
Buipnjous ‘sanewayjew
pue saisAyd BuiAjJepun

jJo uondidsap apinoid ¢ §

‘sa|qelsea ndino |
lle Jo sjiun ayi apiaoid §
"saunoiqns Aseaqij jje jo |

PasoId Uoljejuawnoop apiAoid

‘jewo} IOSY ul safy

paso|) JUd1014J909 3PIAOId

‘Ansuap |
ssew Joj indino ppys |

Paso1D

SNLV1S SW31l NOLLOV

6861 19q0190 01 ‘(Y9tS ‘ZoepasQ 1de)) SYOQ woij owapy 0} asuodsay

SIW=.LI NOILOY T3AOIN HSA

102




siuy 06/6Z/1 86upds 0PeIOI0D ‘SMYNDIV-HSA

[oPOoW HSA JO [enuew (B1UYI3) M

SJUdAd wWuOo}Ss 10} uoliejuasaldal awiy J91IN04 O} SUOIIBINIPOW JBPISUOD)
suojbai jesoine 10} suonouny siseq azyiwndo -

sJe|eds 10} sojuowey jeasdayds Jo saquinu jewuiw AJiuap) .

(Ae1d ayy uo Ajuo uey) Jayjes) HSA Uj UOHIBINIPOW JUBIIY30D 3|qeuT -

: Sawayas sishjeue aA1123lqo auijal Jaypund -

! 3awWay9s uonejuasaldal [esijuan
w ;w:E_Bucw_m_mcoo._m_:uoE:ozm_zo_mou_mzao_m>mc.

sosealoul Jybiay ajess pue sputm jepi} jo

uojiejuasaldadl ajeindde aINSUI [|IM SIUYY ‘sadepns asnssald Gz (e Jo
asn ayew jeyl (s,403 40 sauiljds se yans) uojjejuasaidal [edian dojanaqg -

SWwia}| Uolloy MaN jo Alewwng

103




104




06/82/1 sBupds 0pelotoD ‘SMY/T1D 4V - HSA

"uononpoud ajy JusI0Y309 JO SnIe)S -

suni NOOIL - HYON jo sniels -

SNJe}s uny

105




z av 06/82/1 sBupds 0peoj0) ‘'SMY/T1D4Y - HSA

‘pPI81} onasubew
Aiejoueidiayus ayy jo ubis ayj osje pue saunbau
U33M]aq uollisuel) ay} Yum jeap o} aaey osje Aews ap\
"SUOSEas Judlayip pue 3J9A2 Jejos ay) jo sued
JuUaJIayIp ‘Alianoe onaubewoab Jo sjand)] JualajIp

10} SIUaId1}}909 JO }3s e alinbas am ‘aso0jai3y] -

"Jayjoue 0) }3S JudiNJJI0 IUO WO
uoijisuel) yjoows e jwiad 0} Sajij 1uaidi}a0d
Jo Jaquinu abue| Ajyuaidyjns e aanpoid 0} ysim ap\ -

Uoijd9|9s jo wiy

'1

106




£ gv 06/82/1 SBupds 0pesoioD ‘SMV/1D3Y - HSA

+ AyAanoy
ansubewoar)

BLI9]LID UOI1D3]9S

| wnuwixepy sejos |

——a

107




v av 06/8Z/t s6upds 0peIOIO) ‘SMY/ 1D 4V - HSA

awes ayl :wnunuly 1ejos

AX 06 Pue A) 09 ‘A O€ JO
S|aA9| [ennuajod deo sso1o

o} Buipuodsal109 suni ¢ - xouinb3 :wnwixeyy Jejos

AX 06 Pue A) 09 ‘A) 0€ JO
SioA9] jennuajod deo sso019

0} Buipuodsaii00 suni g - 19jUIM HN :wnwixepy 1ejos

AX 06 Pue A) 09 ‘AX 0€ JO
S|oA9] jenuajod des sso01o

0} Buipuodsaiiod suns ¢ - JowwINS HN :wNwIXepy Jejos

(apew suny WODIL ‘1 JSUny MoN JO smiels

1n8




S av 06/82/1 s6uudg 0peso|0) ‘SMYMODLY - HSA

A 06 pue A) 09 jO
S|aA3] jenuajod ded ss040

0} Buipuodsali09 suni g - xouinb3 :wnuiupy Jejos

AX 06 Pue A) 09 ‘AX 0O€ JO
S|9A9] jenuajod ded ss019

0} Buipuodsai109 suni ¢ - JPWWNS HN :WNWIUW 1ej0S

A 06 pue AX 09 ‘A O€ J0
S|9A3] [ennuajod ded sso01d

0} Buipuodsaliiod suni ¢ - xouinb3 :wnuwixep Jejos

A 06 Pue A) 09 ‘AX 0€ Jo
S|oAd] jenuajod ded sso1d

o} buipuodsaii09 suni ¢ - JSWWNS HN :Wnwixep 1ejos

(opew saiid 3101J}30H “Z) suny M3N O SMels

109




L)

9 av 06/82/1 sBupdg 0peI0I0) 'SMY/DAY - HSA

-3jod

onaubewoab ayy Jeau uoybal paywi| e Ajuo siod)je panIasqo

Ajjewsou abues ayy ut 41 Jo sabueyd 1nq ‘0qoib ay; jo
uorod abae| e joaye ued AjiAnoe anaubewoab Buibuey) -

"Juasaid Je pasoyiuow Aj[snonunuod jou si J Uy -

110

‘uoisodwod [eslnau S193jje uoljdanpe

ybnoays ‘yoiym ‘wieped uone|nand [ennau ay) sjosjje

‘win} ui ‘siyy "uianed uoiloaAuod uoi ayy 1aie (4Wi) piey
onaubew Aiejaueidioyul ay) jo Jusuodwod A ay) ul sabuey? -

Ago1jouio Ag O]




L av 06/82/1 6Bupds 0pe1oI0) ‘SMY/ID IV - HSA

"9jeds |eqojb e uo ajeinaoe si ey}
[dpow Ajisuap e 126 0} sanjea 4| asn o} paau jou Aew ap -

"wayl jo bulpuejsiapun
ano aAoidwi 0} Buppiom Apuaiing ate am pue xajdwod ase
suuols anaubewoab Buunp sabueys jeuoiisodwo,) -

‘I9apow siy) aAoidw) am se papodu aJe Jey) suni Jaylng jo
19quinu ayj ssasse [|Im am pue ‘Ajisuap suaydsowsayy jo [epouw
leatiidwalwss e 6urdojaaap anuiuod oy suns ybnoua aney ap -

ZENER)




112




€L ro 06/82/1 sBupdS 0PRI0I0D ‘SMYMD IV - HSA

Asesseoau oq Aew sjuawanosdwy -

19s elep 3a/NODIL
P3siAal uo paseq pajeald sajl U310 Aleiqi] HSA MaN -

suonipuod jesisAydoab Guipuodsaii09 10}
§1INSaJ WOOIL Yiim saylaboy pabiaw 19s ejep pabesane uig -

dy ‘Ag o} Buipiodde
pauulq sasaydsiway yioq u) apmipe ybyy e spuim abesony -

palajdwod s| HSA OlUl Blep puim [esinau
Ja101dx3 sanweuiq jo uonsabuy 10) ewayds sisAjeue Aseuiwiaid

"spjayy Indino HSA
paseq WOYIL Ajipow o} pasn aq uea (Ajisuap ‘spuim)
si9ldweled painseaw ‘sisAjeuy aaaailqo ybnoayy

sisAjeuy aAoalqo HSA

113




‘lopow 3211Sj0S
19UIM ‘Wnwixew se|jos oy 10} edusuuopad Asojoejsnes ajesipul suoneys-punosb
uapuadapur wouy pue 3q WwoJj e1ep puim [ennau jeluawiadxa yiim suosuedwor o

"dy ybiy
‘aanebau Ag (v ‘dy moj ‘eajeBou Ag (€ ‘dy ybiy ‘eapisod Ag (z ‘dy moj ‘annisod Ag (1L

110} 1ud1D1)800 jendads Uy paulEIqo 819M SUOHENIS JUAIBYIP 1noj 10} S|3pow o

aJuels|p 8fo419 1easb ‘epmiie; .Sz Jo sdue)SIp UONEXE)RI B YIM apnine)

-0b Mojaq pasn sem awayas BupyBiam UBwWSSa1) v "Saleulpioon onaubewoab
Ut paquIasep uaym §n uj JueseAU SBM 3pNIne] .0F aA0qe waned uonenao
[BANaU oY1 Jey) epew sem uondwnsse ay) ‘abesanoa Juaidiyns loj apinoid o]

"uopsabuy ejep oyl 10§ pasn sem ewayds sisAjeue aanoaiqo uy
"NIDIL-HVYON 8yl wioy) suonajpald yum yyesoadeds Z-1310)dx3 sonueuiq ayi wouy ejep
buibiow Aq padojonep u3aq sey sdlweuip asaydsouwsays jo jspow [eouidwe-iwag v

SPUIM JO sisAjeuy aAnsaiqo




iy 06/82/1 sBunds opeso10) ‘SMY D4V - HSA
- S C— e ,,

wdyds uoneauny auowuey jearsayds 10309a senbas asn
BuIioows 5

“PI3Y pUIM WO 0 elep pabeiaae Jo aods 19311
"S9Y uip100d dnvubewoab uvi wiayed puim [ennau jo adueleAUl BWNSSY

‘dAIsnidU) ‘e861L Menuer - Zg6L JaQUAAON pue Zg61L Asenuep - 1861 19qwanop
10} 2-30 woy} spialy puim [ennau pabessae pauuiq asn

| .0Y @A0QY °g

(oueysip 8jo112 yeasb) gz = P ‘snipes aouanjui a)buis ylipm
p<s .

()M

:6unybiam asuelsip uewssal) jo asn
OV MOjeg 'Y

[3awanos sisa1vnv anLoarao |

115




yru 06/82/1 sBunds cpesoi0d ‘smMy/19 4y - HSA

NI=sNP0Jo¥  00SAd09>dy >0
OT=smquQ jo#  00<Ag‘09>dy>p¢c.
C9T = SNqIQ jo # 00>Ag ‘0 <dy.
8G€ = SNQIQ Jo # 00<Ag‘0¢sdy.

4SVI HOVA NI SLIFY0 40 YAIINON

‘sIyzisedIoj s zg e
SL] T8 19A0 93RIOAY e

LVTA W oS £4q LTI
Ut Iyj jo suiq onoudewoan) .

VITALIAD ONINNIFI ANIM TVILOAN -3d

116




g2 ‘b4

Tc (S/w)A
- 001

007

aAnIsod Ag h MWP annebau Ag

PUIM [eliNSN |euolplIB|y |SPON HSA Pue HS|
woJlsaipuos (88-£861) pabeiaay jo uosiiedwo)

117




\"l'l‘ll

" ry 06/82/1 sBuudg 0Pe1010] ‘'SMV/MDIV - HSA

-ajyoad Aysuap paasasqo
yum saaibe sjnsal HSA Jo 2qjoid spminje jeyd
yons suopuod jeasAydoab ajersdosdde ayy 1oj
fioyo9fesy awes ay) Buoje synsas HSA isnipy -

-K10y09fen yessaseds
Buoje apjoid Ajsuap |esindu paAIasqo lid

zyum d
painseaw Jo uoijeueA Ajuo Japisuod ‘Ajenuy -

(¢‘0‘¥z)d Ausuap [ennaN -

Ayisua( |edindN
Jo sisAjeuy aAn29iqo




1

1-31

LA

62 b4

(Eeswd/B)
21 -31

Ai11svuaeg

ET-31

b 1-31

1—14<- LR

—-b-h’» ]

) ]

A

— LN L

L4

1 )

001

10S1

—jo00¢

“10s¢

“looc¢

t01 3IYTQAx10 wWiI3S

0S¢

-~ M E -

Ko IS - B e B )

< —~ o

119




\I‘l‘""

06/82/1 sBupdS 0PeI0I0D ‘'SMYDAV - HSA

zp
duip

o ue} =

Aq uanib si* e adojs ay} asoym

z'e + e =dy

Aq
pajuasasdas aq ued ajyoad Aiisuap [ennau ayy

Alisua( [elINdN
jo sisAjeuy aAnoalqo

120




9l ry 06/8Z/1 s6upds 0pe1010D ‘SMY D4V - HSA

9jyosd yi135 oy 0) edojs pue 1dadiou lenpisas ay) buippe (z

.co.,oo_g yerdeoeds Buoje sjuiod fe e opy0sd
HSA 0111} 18ou| 03 @ANR|81 AYiSUap HSA Jo jenpisas Buipuy (1

*Aq ¥} seeuy) eqijosd w135 oyy o) epyjord Ausuop HSA isnlpy -

&._23_8 aiua ay} Buoje sinsal
HSA 8yi 01 Buppuodserios “‘e pue e ab 0} 3jiyosd Ajisuap
Buninsais ey} 1y pue Aioyoalen awes ay) Buofe HSA aenieay -

“3joym e se Aiojoalen
V13S painseaw ji4 -

Buiquasap *'e “Oe 196 o) apjosd Ansusp

Alsuaq jelinanN
Jo sisAjeuy aAnoalqo

121




\

L Y 06/82/1 sBulidS 0PRIOIOD ‘'SMY/IDJV - HSA

ajyoud
Aysuap v13S eyl 01 3} Jeouy) ay) 10} sidiawesed 1) ay) ase Sg S0

‘K10123'e4] Yesoadeds aul
Buoje ayyosd HSA oy3 0} 11} Jeaul| oy 10} sidlxwesed )y} oy} ale hg ‘"Op

¢ ‘e "l
uaAIb e je sajjoid HSA [enpiajpul Joj s1ejowesed yj aie 9 ou 213ym

®0,.uer + (g, uep - P.:«i ue} z

s A
+°% + (Me-%) =0y
Aq uanib sy ,Jd Ausuap paisnipe ayl usyL

J
)

Allsua(g [ellnaN
J0 sisAjeuy aAil22lqo

122




#40 0>

-

[ B ]

® Q

3 x

350

300

259

SETA Orbit 1058
v v L i 7lvvf‘ v L4 L ‘TT"' L] A A g ey
em——— S E T A
@ssmomsscsmns Fit
= - - - e - vsH -t
—ceremm.emes VSH (corr)
e -
r— -
1 1 L 1 24111 1 1 [ R | 1 a1 1 1113
i 1E-12 l1E~-12 LE-1.
Mass Density (g/cm**3)
Fig. 30
123




400>

® QA C t = 7 —~ »

-3 X .-

SETA Orbit 1013

Jso v v l"l' LA v L L v l'jl v v LR v LIRS
———— S E T A
wecvamscssess Fit

300 e VSE -
—comemmcmew VYSB (corr)

250 = .. 4

c\:.

200 bu -

150 je -

100 Lo il 1 1o a1l 1 N U S W

1E-14 l1E-13 1E-12 LE- L

Mass Cens:ty (g/cme®*3y
Fig. 31
124




gL ry 06782/1 sbuisdS 0pe1010D 'SMY /D IV - HSA

"apniiiie NODIL
wnuwixew aAoge jopows H s11eydsoxa Aq pajuawbne
SIS 0} pue apmijje moj e Ajisuap ajnjosqe SISN
Ydtew oy paysnipe WODIL 0 }nejap ||Im elep o} 14 -

"abues apninje Japim Jan0 pasnboe ejep jJo siseq uo
ajyo1d i1snipe 0} Aiessadau aq |im sjusawanoadwy «

"S3aNISUIP pasnseaws ajljjares
Jo siseq uo Indino WoHoilL Ajipow 0) padojanap
uaaq sey anbiuyoa) sisAjeue aanaalqo Aseujwifald -

Alisuaq [esinaN
}JO sisAjeuy aA23Iqo

125




oz ry 06/8z/1 sBuldS 0pPeI0I0) ‘SMY D4V - HSA

ayoad
abfesane uo suoneqinuad 10} aduanjul jo uoibas 1apisuo?) -

Jaiipow 1uaid1309 Ayisuap [ej1oy Juswajdwy -

sasuapuadap awi} [esiaAiun pue ‘jeuipniibuo
‘leuipmine) Buipniou; pjay Ansuap Ajipow o} anbiuysa) dojanaq -

apnjjlje wnwixew WOOIL dAoqe H sudydsoxa +
SIS Pue apninje moj 1e SISW O} paisnipe WOOIL apnjdul -

(*219 ‘onjespenb) sajjoid payoadxa jo
aanduosap aiow wioj 0) seaul) Wolj wioj jeuondsun; abueyd -

abues apnminje
unf 00S L-0G2 13A0 s} nsa1 HSA isnipe o) anbiuysal Ajipo -

Swd)| uoNoy

Alisua( [esinaN
JO sisAjeuy aAn29lqo

126




127




TIGCM Developments

1. Solar EUV/UV Flux Model

o Based on F,; and F,,; (Hinteregger data)
e  Based on Lyman - and F,y5 (SME data and Hinteregger data)

° Compared with recent rocket measurements
o Largest uncertainties at A < 20 nm (important for E-region, n,
and NO)

2. Improved Auroral Model

° Evans and Fuller-Rowell particle precipitation
° Convection model

a)  Heelis, analytical

b) Maynard and Rich, analytical
¢)  Emery modifications for time-dependent forcings
d) AMIE
° Needs considerable development for time-dependent forcings

3. Magnetosphere/lonosphere Plasma and Energy Exchange

o Considerable improvements achieved by specifving fluxes
o Empirical parameterizations used
. Need to develop physical/interactive model

4. Tidal Boundary (Semi-Diurnal Tides)

. Amplitude and phases from Vial/Forbes model for each month
of the year

° Verified with data (except September tides)
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TIGCM Developments (Cont.)

5. Introduced 1-1 Tide into TIGCM

. Important for lower thermosphere
o Amplitude and phase not well defined

>

Included Viscous Heating into TIGCM Thermodynamic Equation
(~ 1-2% Changes in Density)

. Improve Specification of Height of Constant Pressure Surface

~1

° Introduce variable gravity (~ 30 km at upper B.C.)
° TIGCM d-~nsities were previously high relative to data and

MSIS-86
° Much better agreement with variable gravity
° Future improvements require connection with lower atmosphere

(model atmosphere to specify heights)
. Normalization is improved but needs further development

8. Improve TIGCM Processors

o Compzarisons with data and MSIS-86
° Analysis of physical processes
o Rapid visualizations
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TIGCM Validation

A great deal of progress has been made in substantiating the TIGC\ per-
formance against real data and also in documenting TIGCM performance
versus MSIS-86 model predictions. At least five papers are in various stages
of publication documenting TIGCM performance. In addition, the model is
beiug used by at least eight diiferent scientific collaborators to verify model
p.rformance by comparison with various ground based measurements
which include:

a)  Effect of tides from the lower atmosphere on thermospheric den-
sities -- Fesen, U. ¢’ Culorado; Forbes, Boston /.

b)  lonospheric storr. perturbations -- Codrescu, Boston U.; Crow-
‘ey, Lowell U.

¢) Airglow emissions -- Solomor, NCAR

d)  Thermospheric density and composition -- Burns and Killeen, U.
of Michigan

e)  Vorticity and divergent flows -~ Thayer and Killeen, U. of
Michigan

f)  Nitric oxide -- Fesen, U. of Colorado; Gerard. U. of Leige

g) South polar cap dvnamics -- Smith, U. of Alaska; Hernandez. U.
of Washington

h)  Radar derivea winds - Wickwar, Utah State; Hagan, Millstone
Hill; Burnside, Arecibo Obs.

All of these studies are providing inputs to help validate model performance
and suggest areas where further TIGCM improvements are necessary to
achieve the Air Force overall density goal:. The specific case studies that
are underway include:

a)  March 21 - April 10, 1979 -- SETA, radar data
b)  January 21-31, 1983 -- Comprehensive DE measurements

c) February 4-9, 1986 major storm -- Aerospace airglow and radar
measurements

d) September 20-28, 1984 -- ETS study
e)  March 13-14, 1989 major storm
f) LTCS, September 21-25, 1987, December 5-10, 1988 period

plus there are others associated with CEDAR, WITS, and DE.
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TIGCM Studies in Progress

TIGCM Sensitivity Studies

[

) Increase solar EUV by 10%

b)  Decrease solar EUV by 10%
¢) Change By from 0 to +10
d) Change By from 0 to -10

e

) Change ¢ from 40 to 50 kV
) Change ¢ from 10 to 30 kV

i)

1)  Solar min; March equinox, December solstice

Fio07 =167,F;p; =72,P=5GW, ¢ = 40 kV
Solar max; December solstice

Flo7 = 243, F g, = 215,P = 11 GW, & = 60 kV

to
N

g) Increase solar SRC by 10%
h)  Change tidal specification

o Results are presented as % difference from unperturbed run

TIGCM/MSIS-86 Comparisons

o 18 TIGCM cases have been run for density model development
° Develop normalization scheme

. Continue March 1979 Study using SETA Data

o 20 day run, March 20 - April 10, 1979

. Percentage errors from SETA measurements
a) TIGCM
b)  MSIS-86

DE Satellite Study, January 20-30, 1983

V..n

n' n n’n

.+ T, , comparisons along satellite track

13)




I HAVE MADE TIGCM RUNS FOR A CONSISTENT SET TO BE USED IN AIR FORCE
DENSITY SPECIFICATION MODEL DEVELOPMENT . .
A. SOLSTICE SOLAR MINIMUM DAY=76355,F107=67.F1074=72
DATA=ROBLE/RGRB8/0VWSOL
1. P=5GW,.CTPOTEN=30KV
HISTORY=ROBLE/RGRSO/SOLNO1,02 FROM 1.,0,0 TO 2,0,0 HOURLY
2.P=11GW . CTPOTEN=GOKV
HISTORY=ROBLE/RGRO0O/SOLN11,12 FROM 1,0,0 TO 2,0,0 HOURLY
3.P=33GwW,CTPOTEN=90KV
HISTORY=ROBLE/RGRSO/SOLN21,22 FROM 1,0.0 TO 2.,0,0 HOURLY
B. SOLSTICE SOLAR MAXIMUM DAY=79355,F107=243,F107A4=215%
1.P=5GW,CTPOTEN=30KV )
HISTORY=ROBLE/RGRS0/SOLX01,02 FROM 1,0.0 TO 2,0,0 HOURLY
2.P=11GW,CTPOTEN=60OKV
HISTORY=ROBLE/RGRSO/SOLX11,12 FROM 1,0,0 TO 2,0.0 HOURLY
3.P=33GW,CTPOTEN=S0OKYV
HISTORY=ROBLE/RGRS0O/SOLX21,22 FROM 1.,0,0 TO 2.0.C HOURLY
C EQUINOX SLOAR MINIMUM DAY=76080,F107=67,F1074A=72.
1.P=5GwW,CTPOTEN=30KV
HISTORY=ROBLE/RGRIO/EQSNO1,02 FROM 1,0,0 TO 2,0.0 HOURLY
2.P=11GW,CTPOTEN=60KV
HISTORY=ROBLE/RGRSO/EQSN11,12 FROM 1,0,0 TO 2,0,0 HOURLY
3.P=33GW,CTPOTEN=90KV
HISTORY=ROBLE/RGRSO/EQSN21,22 FROM 1,0,0 TO 2,0,0 HOURLY
D. EQUINDOX SOLAR MAXIMUM DAY=79080,F107=243,F1074=215
1.P=5GW,CTPOTEN=30KV
HISTORY=ROBLE/RGRSO/EQSX03,04 FROM 1,0,0 TO 2,0.0 HOURLY
2.P=11GW,.CTPOTEN=GOKV
HISTORY=ROBLE/RGRSO/EQSX11,12 FROM 2.0.0 TO 3,0,0 HOURLY
3.P=211GW,CTPOTEN=90KV
HISTORY=ROBLE/RGRY0O/EQSX21,22 FROM 1,0,0 TO 2,0,0 HOURLY
E. SUMMER SOLSTICE SOLAR MINIMUM DAY=76182,.F107=67,F1074=72
1.P=5GW,CTPOTEN=30KV
HISTORY=ROBLE/RGROO/SUMNOS ., N6 FROM 2.0,0 TO 3,0,0 HOURLY
2.P=11GW,CTPOTEN=60KV
HISTORY=ROBLE/RGRO0O/SUMN13,14 FROM 3,0.0 TO 4,0.0 HOURLY
3.P=33GW,CTPOTEN=Q0OKV
HISTORY=ROBLE/RGRS0O/SUMN23.,24 FROM 3.0,0 TO 4,0,0 HOURLY
F. SUMMER SOLSTICE SOLAR MAXIMUM DAY=791'82,F107=243,F1074=215
1.P=5GW,CTPOTEN=30KV
HISTORY=ROBLE/RGRI0/SUMX01,02 FROM 1,0.0 TO 2,0,0 HOURLY
2.P=11GW,CTPOTEN=60KV
HISTORY=ROBLE/RGRYO/SUMX11,12 FROM 1,0,0 T0O 2,0,0 HOURLY
3.P=33GW,.CTPOTEN=QOKV
HISTORY=ROBLE/RGRYO/SUMX21,22 FROM 1,0.0 TO 2.0.0 HOURLY
(NOTE THAT THE NEW MODEL/RGRSO/HISTORIES ARE UT=MODEL TIME(FINALLY)

..........
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Critical Inputs Required during Quiet Geomagnetic Activity

Thermosphere/lonosphere System

Zero Order First Order Higher Order

Solar EUV/UV
5 < A < 200 nm

Particle Precipitation
(GW)

Cross-Cap Potential
(kV)

Bz, By, Configuration
of Potential Pattern

Tidal Amplitudes

and Phases
Density Measurements
(normalization)
Magnetosphere/lonosphere
Plasma and Energy
Exchange
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Critical Inputs Required during Disturbed Geomagnetic Activity

Thermosphere/lonosphere System

Zero Order First Order Higher Order

Solar EUV/UV
5 < A< 200 nm

Particle Precipitation

(GW)
Cross-Cap Potential Bz, By, Configuration
(kV) of Potential Pattern

Magnetosphere/lonosphere
Plasma and Energy
Exchange

Tidal Amplitudes
and Phases

Density Measurements
(normalization)
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Days B3021 to 83024 NEUTRAL TEMPERATURE (DEG K)

DE2 SAT
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Fig. 43
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Summary and Conclusions

Considerable Improvement in TIGCM Physical Processes

a)  Viscous heating

b) O7 plasma exchange
c)  Tidal specifications
d) ete

Performed a Large Number of Sensitivity Studies

a)  Solar EUV variations
)

o

Solar SRC variations

c) By and & variations
d) Tides
e)  Others

Improved TIGCM Normalization; Better Agreement with Data

Continued with Data Validation Studies; Significant TIGCM
Improvements

147




148




12 ryd 06/62/1 s6upPdS 0PeIIOD 'SMVY/1DIVY - HSA

"HoJ9 Burjapow o11aYydsouol Yyum uoneuIpIood JBYUN -

‘uonenjeAd BuinuIluod 1o} 13Ud)) 1SBI3104
99eds 0} uoisiaA )sa) Azeuiwijasd puodas Jaadleqg -

"A13A119p |9pouw | aseyd 10} awadyds
Aseiqy jo uonejuswajdwi pue JuawdojaAap anuiuo? -

"3WaYIs }nejap SIS aesodiooy) .

‘W) 00S anoqe [apow uabospAy jennau ajesodioduy) «

poLIad YIUO € 1X3N
104 sSwa}| uoinay Jolep

149




)

Zz ry 06/62/1 sOBudg 0PRIOI0D ‘SMY/TD IV - HSA

sanqisuodsai paysijqelsa
yum aseid ur wea) uebiyoiw 3o AlisiaAiun =

Buimoub sajy Jua11)309 Jo Aleaqi] “INO paliied
udaq aAey suni Jo s)as a|dnnw pue uazoyy WHOOIL

dnouy Guijepop susaydsouo] yum uoneuIpioo)
"19JUd) 1sedal04 adeds yum suondesdjul [njdioH
:Aemiapun suoyo uoneuawnIop pue bUipoD =

Aiessaoau
Jusaweulal JBYUN4 (pa3lsa) pue pajuswajduwi
awayas [eniul :sisAjeue aansalqo Alisuaq

06-Ad 10 pua je AsaAlap 10}
Aemiapun japoul | aseyd 0 JudwdojaAaP SAISUIU] =

Aewwng

150




THE UNIVERSITY OF MICHIGAN
SPACE PHYSICS RESEARCH LABORATORY

Quarterly Status Report # 4
Covering the Period 1 January 1990 through 31 March 1990
University of Michigan Account 080063

DEVELOPMENT OF A YECTOR SPHERICAL HARMONIC (VSH) MODEL OF THE
NEUTRAL THERMOSPHERE

by

Timothy L. Killeen

University of Michigan
Space Physics Research Laboratory
Department of Atmospheric, Oceanic and Space Sciences
2455 Hayward St.
Ann Arbor, MI 48109-2143

and

Raymond G. Roble

High Altitude Observatory
National Center for Atmospheric Research

P.O. Box 3000, Boulder
Colorado 80307

AFGL Contract F19628-89-K-0026

Prepared for:

Air Force Geophysics Laboratory
Air Force Systems Command
L.G. Hanscom Air Force Base
Bedford, Massachusetts 01731

ATTN: Dr. Frank Marcos

151




Executive Summary

The Air Force has requirements for accurate knowledge and specification of the
state variables of the Earth's thermosphere. Work done under this contract will lead to a
new model of global thermospheric density that can be used to specify and forecast neutral
densities, temperatures, and winds for a wide range of solar and geomagnetic activity. The
model will be based on simulations made with the National Center for Atmospheric
Research NCAR) Thermosphere/lonosphere General Circulation Model (TIGCM) and on
data. It will be capable of using real-time geophysical indices or data from ground-based
and satellite inputs and will provide neutral variables at specified locations and times in the
altitude range 90 - 1500 km. This hybrid theoretical and semi-empirical model will be based
on a new Vector Spherical Harmonic (VSH) analysis technique developed at the University
of Michigan that permits the incorporation of the TIGCM outputs and data into the model.
The VSH model will be provided for use by the Air Force in an operational setting and will
be a more accurate version of existing models of the neutral upper atmosphere.

During the reporting period, the effort at the University of Michigan has focused on
the further development and improvement of the VSH model. The MSIS empirical modet
has been incorporated into the VSH, extending the range of the model above the upper limit
of the TIGCM to 1500 km. A scheme has been developed by which the model interpolates
between values in the spectral coefficient library to user-specified geophysical conditions.
Additionally, several changes in VSH variables and outputs have been made. Work on
extending the TIGCM run set for Phase 1 Model delivery has continued. Eighteen
coefficient filcs are picsently useéad 10 run e easaung VSH model, incorporating changes in
season, changes in solar cycle and changes in geomagnetic activity. Additionally, several
changes in VSH variables and outputs have been made.

Plans for the upcoming reporting period include continued development of the VSH
approach, leading to delivery of the Phase 1 Model at the end of FY 1990. Additional key
validation and model improvement efforts will be carried out at NCAR. Further TIGCM
runs will be made and continuing model validation tests on these runs will be carned out.
An improved treatment for the description of the output fields in the vertical dimension will
be designed and implemented. Work on data ingestion techniques will continue. An
improved theoretical model for neutral exospheric hydrogen will be chosen and initial
efforts undertaken to incorporate it into the VSH. Lastly, an effort to coordinate the
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activities of the neutral and ionospheric modeling groups will continue during the upcoming
period.

1P \urine tt . iod

Appendix 4.1 reviews project milestones through the 5-year contract and
summarizes the current status of the project. In spite of a late start for the first fiscal year of
the contract in March, 1989, progress in model development is on scheduie. Tasks 1
through 3 have been completed and the science team is currently continuing work on tasks
4 through 7 to achieve an on time delivery of the Phase 1 Model at the end of the second
fiscal year.

The MSIS empirical model has been incorporated within the VSH, extending the
nominal range of the model to 1500 km. For each of the TIGCM runs used as the base set
for the VSH, the mid-latitude average mass density is compared to the corresponding
average from MSIS. Their relative magnitudes define a normalization factor that is applied
as an output field modifier for mass density at the last step in the density calculation. As
part of the MSIS model implementation, hydrogen density has been added as a 13th output
variable. At any altitude, hydrogen densities are obtained from the MSIS model. Above
the upper altitude limit of the TIGCM, MSIS is called to specify all constituent densities.

Work has progressed on the design of the coefficient file library and its utilization in
the VSH model. Rather than specifying a TIGCM run, the user specifies F10.7, Julian
day, and Kp values. The VSH model then uses these inputs to determine appropriate
spectral coefficients through linear combination of those determined from individual
TIGCM runs (in the coefficient file library). Kp is converted to hemispheric power for
purposes of finding the linear combination weights over geomagnetic activity. The weights
for the day of year interpolation are found via a trigonometric scheme.

Additionally, several other changes have been made to the VSH. Meridional winds
are now specified as positive northwards, rather than positive southwards. Colatitude has
been replaced by latitude. Finally, mass density has been added as a 14th output variable.
We are nearing completion of a technical manual for the VSH model. A second preliminary
version of the VSH, updated with changes reported in the last quarterly report, was
delivered to GL for further evaluation.
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Presently 18 TIGCM Phase 1 runs have been completed for solar minimum and
maximum conditions, three levels of geomagnetic activity, and solstices and equinox. All
of the corresponding VSH spectral coefficient files have been generated. New coefficient
files are being planned at present, so that a more accurate vertical representation of the state
variables can be obtained, and so that data can be better integrated with the model. Further
work is being undertaken to identify new TIGCM runs needed.

4.2 Plans for the next i iod

Plans for the next quarter of effort relate to the work statement given in Appendix
4.1. Specifically, work on tasks 4-7 will continue. Major action items for the next quarter
include continued refinement of both the library scheme for Phase 1 Model delivery and the
VSH algorithm, specifically the vertical and storm time representations to be utilized.
Development of field and coefficient modifiers and data ingestion techniques will continue.
The TIGCM sensitivity study will also continue, as will Phase 1 TIGCM runs for model
delivery at the end of FY 1990. We will continue to develop further coordination of efforts
with the ionospheric modelling group.
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